The purpose of this work is to design an irradiation vehicle for testing silicon carbide (SiC) fiberreinforced SiC matrix composite cladding materials under conditions representative of a light water reactor in order to validate thermo-mechanical models of stress states in these materials due to irradiation swelling and differential thermal expansion. The design allows for a constant tube outer surface temperature in the range of 300e350 C under a representative high heat flux (~0.66 MW/m 2 ) during one cycle of irradiation in an un-instrumented "rabbit" capsule in the High Flux Isotope Reactor. An engineered aluminum foil was developed to absorb the expansion of the cladding tubes, due to irradiation swelling, without changing the thermal resistance of the gap between the cladding and irradiation capsule. Finite-element analyses of the capsule were performed, and the models used to calculate thermal contact resistance were validated by out-of-pile testing and post-irradiation examination of the foils and passive SiC thermometry. Six irradiated cladding tubes (both monoliths and composites) were irradiated and subsequently disassembled in a hot cell. The calculated temperatures of passive SiC thermometry inside the capsules showed good agreement with temperatures measured post-irradiation, with two calculated temperatures falling within 10 C of experimental measurements. The success of this design could lead to new opportunities for irradiation applications with materials that suffer from irradiation swelling, creep, or other dimensional changes that can affect the specimen temperature during irradiation.
Introduction
Silicon carbide (SiC) is an attractive material for use in nuclear applications due to its radiation tolerance and its strength and chemical inertness at high temperatures [1e4] . In addition to the inherent advantages of SiC, continuous SiC fiber-reinforced, SiCmatrix composites (SiC/SiC composites) offer increased damage tolerance, improved mechanical properties, and enhanced reliability compared to monolithic SiC [5e7]. These properties of SiC/ SiC composites make them intriguing candidates for use as structural materials for nuclear applications. One of the specific applications for using SiC/SiC composite materials is their utilization as accident tolerant fuel cladding and/or structural materials in light water reactors (LWRs) [8e13] . Other applications include components in advanced high-temperature gas-cooled reactors (HTGRs) [14] , fluoride-salt-cooled high-temperature reactors (FHRs) [15] , gas-cooled fast reactors (GFRs) [16, 17] , and fusion energy applications [2, 18, 19] .
A number of architectures are being investigated for accidenttolerant fuel cladding applications, including fully composite or multilayered architectures incorporating a SiC/SiC composite material and a monolith [6, 20] . An important concern is whether the SiC-based cladding is able to maintain hermeticity (and thus fission product retention). Essentially, the structure is required to withstand the evolving stress state over the fuel lifetime when exposed to intense neutron irradiation under a prototypic high heat flux (and thus a large temperature gradient) as the rod internal pressure increases due to released fission gas buildup. Detailed discussions of the various governing phenomena and the nature of stress evolution in SiC-based cladding structures have been provided elsewhere [21e23] . Briefly, the high heat flux across the thickness of the cladding in LWR applications (~0.5e1 MW/m 2 ) results in a large temperature gradient in SiC/SiC cladding due to the poor thermal conductivity of this composite that further degrades with radiation damage [6] . For metallic cladding, higher thermal conductivity reduces the radial temperature gradient and the associated stresses due to differential thermal expansion across the thickness. Therefore, the primary driver of stress (in the absence of pellet-cladding contact) is the pressure difference between the inside and outside of the cladding. However, in SiC/SiC cladding, the higher radial temperature gradient results in a much more important stress driver that dominates the strain profile across the cladding thickness: the differential swelling strain across the thickness of the cladding. This is the case because swelling is a strong function of temperature in the LWR cladding temperature regime [24] . A previous irradiation experiment investigating fuel-clad interaction with multilayered SiC cladding materials showed cracking near the ends of the cladding where the heat flux (and thus temperature) was lower [25] . Because swelling of SiC is greater at lower temperatures [26] , the cladding ends underwent larger volumetric expansion. It is thought that irradiation swelling caused additional stresses as the cladding expanded into the stainless steel capsule housing. These stresses are clearly not truly representative of typical LWR conditions where a somewhat uniform coolant temperature of >300 C is present on the cladding outer surface.
This work describes an improved irradiation capsule design aimed specifically at addressing the performance of SiC/SiC cladding in LWR conditions. The design allows for a SiC cladding tube surface temperature in the range of 300e350 C under a representative high heat flux (~0.6 MW/m 2 ) during one cycle of irradiation in an un-instrumented "rabbit" capsule in the High Flux Isotope Reactor (HFIR). Both SiC/SiC composites and chemical vapor deposited (CVD) SiC monoliths have been irradiated, and additional architectures incorporating various combinations of composite and monolith are being considered. To simplify the design and postirradiation examination, the fuel is replaced with a surrogate molybdenum "heater" cylinder that is designed to generate enough heat from gamma heating in the HFIR to achieve the desired heat flux. Design calculations show that the tube surface temperature remains constant to within 12 C despite volumetric irradiation swelling of the tube by as much as 3%. The results of these experiments and future irradiation experiments utilizing the design described in this work will provide experimental validation of fuel performance codes and ultimately improve the fundamental understanding of evolving stress states in SiC/SiC composite materials due to differential thermal expansion and irradiation swelling. Also, specimens irradiated in this configuration are essential for understanding the possibility of microcrack formation in these materials as a result of stress and whether this microcracking will result in release of gaseous fission products.
Materials
The assembled capsules were designed for insertion into the flux trap of the HFIR (see Section 3.1.1) for irradiation. Neutron and gamma radiation in the flux trap of the HFIR, roughly two orders of magnitude higher than a typical LWR core, cause heating of the capsule materials. Thermal design calculations are performed to estimate capsule component temperatures during irradiation. Temperatures for this capsule are controlled by the geometry, fill gas, and surface roughness of the contacting components.
The overall design and assembly of the rabbit capsules is summarized in Fig. 1 . Rabbits refer to small sealed aluminum capsules that serve as the irradiation containment vehicle. Fig. 2 shows a picture of the cross-section of an assembled capsule. Molybdenum heater rods (i.e. dense gamma-absorbing cylinders) are inserted inside the cladding tubes. Titanium centering thimbles keep both the cladding and the heaters centered within the capsule housing. A tight-fitting aluminum sleeve is wrapped around the cladding, and an embossed aluminum foil fills the space between the sleeve and the capsule housing. The embossed aluminum foil is the key to this design as it can absorb the irradiation swelling of the cladding without causing significant stress to the cladding. These components make up one sub-assembly. Fig. 1 shows four sub-assemblies: two sub-assemblies that include 16 mm length cladding tubes, one sub-assembly that includes a 12 mm length cladding tube, and one sub-assembly that includes a 4 mm length cladding tube. Alternatively, as was done for the irradiated capsules described in this work, the capsule could be loaded with three sub-assembliesdeach with one 16 mm length cladding tube. A multiple subassembly design allows for multiple cladding tube specimens to be irradiated at once. Grafoil insulating discs (brown components in Fig. 1 ) are positioned at the top and bottom of the capsule interior to reduce axial heat losses. Table 1 summarizes the capsule components, materials, and nominal dimensions that are relevant to the thermal design. The SiC/SiC tubes were fabricated using a chemical vapor infiltration process at General Atomics. Hi-Nicalon Type S SiC fiber was used for the reinforcement. Two composite tubes with IDs GA-TGI-1 and GA-TGI-4 were investigated. Four monolithic high-purity CVD SiC (Dow Chemical Co.) tubes machined from a plate (IDs CVD-T1, CVD-T2, CVD-T6, and CVD-T7) were also investigated. All specimens (both monolith and composite) had inner and outer diameter concentricity within 0.02 mm. Surface roughness was measured to be 0.3 mm root mean square (RMS) for all monolith specimens, 13 mm RMS for GA-TGI-1, and 1.7 mm RMS for GA-TGI-4. The thermometry (or passive temperature monitors) listed in Table 1 are rectangular pieces of CVD SiC positioned inside the molybdenum heaters between the two centering thimbles of a sub-assembly. The thermometry can be examined post-irradiation as a form of passive temperature monitoring to determine the temperature during irradiation [27] .
Experimental

Experimental facilities
HFIR irradiation facility
The HFIR is a beryllium-reflected, pressurized, light-watercooled and moderated flux-trap-type reactor located at the Oak Ridge National Laboratory (ORNL). The core consists of aluminumclad involute-fuel plates, which currently utilize highly enriched 235 U fuel at a power level of 85 MW [28] . A typical cycle is 24e25 days. The reactor core, illustrated in Fig. 3 , consists of two concentric annular regions, each approximately 61 cm in height. The flux trap is~12.7 cm in diameter, and the outer fueled region is 43.5 cm in diameter. The fuel region is surrounded by a beryllium annular reflector, which is in turn backed up by a water reflector of effectively infinite thickness. The reactor core assembly is contained inside a pressure vessel, which is located in a pool of water.
The rabbits described in this work are placed in the flux trap of the HFIR in an outer ring target rod rabbit holder (TRRH) position closest to the inner fuel elements. In a TRRH position, up to seven rabbits can be stacked in a target. These rabbits were placed at the reactor midplane (position TRRH-4). The values of the fast (neutron energy > 0.1 MeV) and total neutron flux at this position are 1.1 Â 10 15 n/cm 2 $s and 4.3 Â 10 15 n/cm 2 $s, respectively [30] . Running the SPECTER-ANL code (Argonne National Laboratory) [31] with an average displacements per atom (dpa) cross section of 260 b gives 2.3 dpa in SiC for a 24 day HFIR cycle.
Thermal contact conductance measurement system
In order to validate the thermal design simulations (described later in Sections 4 and 5) used to calculate component temperatures during irradiation, experimental measurements of thermal contact conductance through an embossed foil were performed inside of a sealed, instrumented vessel. Fig. 4 shows a 3D model of the experiment with labeled components. The experiment is placed inside a sealed vessel with additional insulation above and around the perimeter of the experiment to prevent natural convection loops from forming inside the vessel. A cartridge heater is used to provide the heat input. The power to the heater is controlled using a variac and measured using a watt meter. The heat is conducted from the square protrusion of the heating block, through the embossed foil, to the cooling block, which is cooled with chilled (~5 C) water. Thermocouples are inserted into small holes in both the heating block and the cooling block near the surfaces that contact the foil. Additional thermocouples are located in the surrounding insulation to give some indication of heat losses via conduction to the vessel walls. The thermocouples located in the insulation generally read less than 30 C throughout the experiments, indicating that heat losses through the vessel walls to the ambient air are likely minor.
Thermal contact conductance measurement procedure
Thermal contact conductance experiments were performed by first pumping down the vessel to~930 Pa (7 torr) and then backfilling with either helium or neon fill gas. The rabbit capsule design described in this paper utilizes helium fill gas, but both helium and neon gases were tested in the validation experiments in order to test the contact conductance equations used for the capsule design using two different fill gases. While running chilled water through the cooling block, the heater power was ramped up in steps. By measuring the input power and the temperature difference of the surfaces that contact the foil, the contact conductance through the foil, h (W/m 2 -K), can be calculated as shown in Eq. (1):
where q 00 (W/m 2 ) and DT are the heat flux through the foil and the temperature difference across the foil, respectively. In this case, DT is the temperature difference of the thermocouples located near the two surfaces in contact with the foil, and q 00 is simply the heater power divided by the cross-sectional area (494 mm 2 ) of the square protrusion of the heating block.
Calculations for in reactor performance
The thermal design calculations described in this paper determine capsule component temperatures resulting from reactor heating. The ultimate heat sink is the reactor primary coolant, which flows through the reactor core and cools the outer surface of the capsule housing.
Materials and material properties
Material properties and thermal boundary conditions for this work are taken from independently reviewed design and analysis calculations that are maintained internally within ORNL. Material property data are primarily obtained from CINDAS [32] , MatWeb [33] , and various literature sources. In general, material properties recommended by Snead et al. [24] for CVD SiC were used for all SiC tubes included in the simulations. This includes temperature-and dose-dependent irradiation swelling, temperature-dependent Fig. 3 . Cross-section through the HFIR illustrating the primary experimental sites [29] .
coefficients of thermal expansion, and temperature-and swellingdependent values for elastic modulus and thermal conductivity. Although the elastic modulus for the composite tubes will be different from that of the monoliths, this should not affect the thermal analyses. Thermal conductivity of the irradiated composite tubes was assumed to be 3.0 W/m-K based on previous irradiations of SiC/SiC composites [6] . The nominal swelling of the composite tubes was assumed to be 2.2% (0.73% linear swelling). The effects of varying the irradiation swelling on the thermal contact conductance from the cladding tubes to the capsule housing are discussed later in Section 5.1. No anisotropy was considered in these analyses.
Heat generation and thermal boundary conditions
Peak heat generation rates, parameters for determining axial profiles for the heat generation rates, and convection parameters are summarized in Table 2 . The fill gas for this design is helium. The local heat generation rate is estimated with the following profile: qðmaterial; zÞ ¼ q peak ðmaterialÞ,exp À z
Where q ¼ local heat generation rate as a function of material and axial location, q peak ¼ heat generation rate at the HFIR core midplane as a function of material, z ¼ axial location in HFIR, where the core midplane is at zero, and s ¼ correlating parameter.
Finite-element model
Thermal calculations of capsule component temperatures were performed using the ANSYS (ANSYS, Inc.) finite-element software code package. Additional user-written macros were implemented within ANSYS to calculate thermal conductance between contacting parts. These macros account for solid spot conductance, gas gap conductance, and thermal jump distances. Details regarding the solution methods can be found in a previous publication [34] . Thermal contact conductance is extremely important in this particular capsule design, as the high heat flux results in large jumps in temperature at each contact interface. The contact conductance depends on, among other parameters, the thermal conductivity of the fill gas and the surface roughness values for the parts that are in direct contact (i.e., the cladding tube, the sleeve, the foil, and the capsule housing). See Ref. [34] and the references therein (including [35e37]), for details regarding the thermal contact conductance models. The effects of contact pressure on the solid spot conductance and the gas gap conductance are neglected in this analysis as the contact pressures due to clad swelling and foil compression are likely negligible because the foil is very thin (0.05 mm), is very ductile since it is made of a fully annealed 1100 aluminum alloy, and is expected to experience significant irradiation creep. The effects of changing the effective contact area for heat transfer between the foil and the contacting components as the cladding swells and the foil crushes were explicitly modeled. It is later shown in section 5.1 that swelling of the cladding and crushing of the foil reduced the cladding outer surface temperature In order to model the swelling of the cladding and the compression of the embossed aluminum foil, a 2D transverse slice is taken through one sub-assembly inside the rabbit. The 2D model also assumes 10 azimuthal symmetry. A full 3D modeling of foil compression was not attempted due to the small mesh size required to simulate foil compression as the cladding swells. The 2D model is used to determine the effective thermal contact conductance between the cladding and the capsule housing. Then, a 3D model is generated with the foil and sleeve suppressed. The gas gap between the clad and the housing is artificially modified until the contact conductance through this effective gas gap is equal to the calculated contact conductance in the 2D model (see Section 5.1) that includes the sleeve and the compressed aluminum foil.
This design is heavily dependent on contact resistance at the clad/sleeve interface, the sleeve/foil interface, and the foil/housing interface. This is why the contact conductance through the embossed foil is validated experimentally. The contact conductance depends significantly on the surface roughness of the contacting surfaces. The surface roughness values of the inner surface of a standard rabbit housing and of an aluminum foil were measured to be 0.26 and 0.65 mm RMS, respectively, using a profilometer. The standard rolls of aluminum foil that are used to fabricate the sleeve have a surface roughness similar to the housing inner surface and the foil (i.e.,~0.3e0.7 mm RMS). The surface roughness of the cladding tube specimens can vary from as low as~0.3 mm RMS for the CVD monolith specimens to as high as~13 mm RMS for some composite specimens, as mentioned in Section 2. The surface roughness of the aluminum sleeve was varied in such a way that the effective contact conductance is approximately constant despite variations in clad surface roughness, thus maintaining the desired clad outer surface temperature. All tube specimens are paired with an 8.4 mm RMS sleeve except for composite specimen GA-TGI-1 (13 mm RMS roughness), which uses a 0.3 mm RMS sleeve.
Results
2D simulation results
The 2D simulations are performed to determine the effective contact conductance from the cladding tubes to the capsule housing. Fig. 5 shows temperature contour plots obtained from 2D simulations with composite tube GA-TGI-4 (1.7 mm RMS and an 8.4 mm RMS sleeve). A linear clad swelling of 0.73% (~2.2% volumetric swelling) was assumed for the results shown in Fig. 5 . Table 3 summarizes the temperatures of the various components. The heat flux at the outer surface of the cladding was calculated to be 0.655 MW/m 2 in the 2D simulations.
The results obtained from the 2D simulations are used to calculate the effective contact conductance from the clad, through the sleeve, through the foil, and to the housing after clad swelling. This is calculated by dividing the heat flux at the outer surface of the clad (0.66 MW/m 2 ) by the change in temperature from the clad outer surface (339 C) to the housing inner surface (68 C). With this method, the contact conductance is calculated to be 2.42 kW/ m 2 -K. This contact conductance is used in the 3D finite-element simulations (results shown in Section 5.3), which consider the effects of axial heat loss and spatially dependent heat generation. Note that because of the variations in the surface roughness of the cladding specimens and the sleeves, there is some variation in the effective contact conductance from the cladding to the housing. To determine the sensitivity of the design temperatures to clad swelling, the linear clad swelling is varied from 0 to 1.05% (from 0 to 3.15% volumetric swelling) for the case with composite tube GA-TGI-4 and an 8.4 mm RMS sleeve. The 3.15% maximum volumetric swelling that is assumed is the maximum swelling of CVD SiC in the point-defect swelling saturation regime (150e1000 C) [24] . The cladding tube specimens tested in this work were later observed (see Section 6.1) to have linear swelling of up to 0.73% after one 25 day cycle of irradiation in the HFIR. The area-averaged outer surface temperature of the cladding is plotted vs. linear clad swelling in Fig. 6 . If the linear swelling was to vary between 0 and 1.05%, the cladding outer surface temperature would be constant to within 12 C. In this scenario, the embossed aluminum foil design is effectively utilized to render the magnitude of the cladding swelling inconsequential to its temperature distribution. procedure for the out-of-pile experiments that were performed to validate the thermal contact conductance models used in the thermal design of the rabbit capsule. Figs. 7 and 8 show temperatures near the surface of the heating block (TC1) and the cooling block (TC2), respectively, as well as the heater power as a function of time during experiments with helium ( Fig. 7) and neon ( Fig. 8 ) fill gases. It is clear that the temperatures had essentially reached a steady-state for each of the three steps in heater power with both fill gases. Note that the brief decreases in temperature in Fig. 7 during the first 5e10 min were due to cooling of the system with chilled water prior to powering the heater. Using the steady-state temperatures for each step in power in
Experimental validation of thermal contact conductance models
Figs. 7 and 8, a plot of heat flux vs. (TC1 e TC2) or DT can be generated. Performing a linear fit to this data gives contact conductance through the foil for each fill gas. A simple 2D finiteelement model of the experimental rig was constructed to enable a direct comparison of the thermal contact conductance models with the experimental results. Note that the same contact conductance models are used in the experimental validation model and in the rabbit capsule design model. The surface roughness of the heating and cooling blocks was measured to be~0.95 mm RMS, while the foil roughness was measured to be~0.63 mm RMS. This information was input in the contact conductance equations in the finite element models. Fig. 9 shows heat flux vs. temperature difference (between the heating and cooling blocks), as determined from the validation experiments and the finite element models using both helium and neon fill gases. The models show very good agreement with the experimental results. Using error propagation of uncertainties in the thermocouple measurements, power measurements, and dimensional tolerances, uncertainties in the measured values for contact conductance were determined to be~1e3%. Note that the contact conductance in the validation experiment (~3.9 kW m À2 K À1 for helium fill gas) differs significantly compared to the contact conductance through the foil in the rabbit irradiation experiment (~2.4 kW m À2 K À1 ). This discrepancy is due to differences in surface roughness of the contacting components and the fact that the conductance for the rabbit irradiation capsule includes an extra contact resistance from the cladding/sleeve interface.
3D simulation results
With the contact conductance models validated via experimental measurements, 3D thermal models of the rabbit capsule were used to determine temperature contours for all of the capsule components. As mentioned in Section 5.1, the 3D models do not include the embossed foil or the sleeve. Instead, an effective gas gap between the cladding and the housing was varied manually until the contact conductance from the cladding to the housing was equal to the value determined by the 2D simulations; these 2D simulations do include the foil and sleeve and also account for clad swelling. The effective helium gas gap required to give a contact conductance of~2.4 kW/m 2 -K is 83 mm. Fig. 10 shows temperature contour plots obtained from 3D models of the rabbit capsule with composite tube GA-TGI-4 and an 8.4 mm RMS roughness sleeve. The temperature at the outer surface of the tube specimen ranges from 296 to 322 C, with an average temperature of 317 C. Note that the region with relatively low temperature at the top of the tube specimen is due to the fact that the molybdenum heater was designed to be slightly shorter than the tube specimen so that it would not expand more than the tube specimen, which would risk pushing up on the centering thimbles. Therefore, the top of the tube specimen experiences a much lower heat flux.
The temperature monitor inside the molybdenum heater has an average temperature of 580 C. This temperature can be compared to the results of post-irradiation dilatometry analyses that determine the actual temperature of the temperature monitor during irradiation. Similar 3D simulations were performed for composite tube GA-TGI-1 and for the CVD monolith tubes. Table 4 summarizes temperature distributions in the tube specimens and temperature monitors for all cases. All simulations resulted in an average clad surface temperature between 310 and 325 C. Temperature gradients through the cladding tubes varied significantly due to differences in the thermal conductivity of the irradiated tubes, which affected the temperatures of the thermometry placed inside the capsule sub-assemblies. The calculated thermometry temperature for the various cladding tubes is discussed in Section 6.2.
Discussion
The experimental design described in this paper offers a new approach to controlling temperature in uninstrumented rabbit irradiation capsules. The typical approach is to rely on a small (on the order of tens to hundreds of microns, depending on the design) insulating gas gap that requires tight machining tolerances and is sensitive to things such as concentricity misalignment and irradiation swelling. The approach described in this paper relies on surface roughness and the contact area of the embossed foil. It is less sensitive to concentricity misalignment due to the selfcentering nature of the foil, and it does not require extremely tight machining tolerances on the outer diameter of the cladding because the foil is designed to crush when the cladding is inserted. This approach is particularly attractive for pressurized creep experiments or other applications where swelling, creep, or other phenomena can affect the dimensional stability of capsule components that comprise an insulating gas gap.
Post-irradiation examination
Initial information regarding the performance of the irradiation capsules utilizing the embossed foil design has been acquired, and a more detailed post-irradiation examination of the tubes will be discussed in a future paper. Of the six specimens that were loaded into the two irradiated capsules (four CVD monoliths and two SiC/ SiC composites), five specimens survived the irradiation and postirradiation cutting operations. The authors believe that the single broken specimen (CVD-T6) was damaged during the postirradiation milling operations required to retrieve the specimens from the capsule housing. Specimen CVD-T2 broke later during post-irradiation handling; it may or may not have also been damaged during post-irradiation disassembly. Fig. 11 shows a picture of one of the rabbit housing cut open by milling, a post-irradiation picture of a monolith tube specimen, and a post-irradiation picture of a composite tube specimen. The periodic lines that appear on the inner surface of the housing indicate that the raised surfaces of the foil remained in contact with the housing as intended. The tube specimens show no signs of surface cracking or other degradation on the outer surface. The shiny sections on the outside of the tubes indicate locations where the aluminum sleeve stuck to the tubes, perhaps during the milling operation to split the capsule housing. Note that specimen GA-TGI-1 generally had a very rough surface but it also had a section that was much smoother. These surface variations may have had an effect on the temperatures, which will be discussed in Section 6.2.
Dimensional measurements of the cladding tubes were taken before and after irradiation to determine the total diametrical and axial swelling. Table 5 summarizes the irradiation swelling of the tube specimens. Note that specimens CVD-T2 and CVD-T6 were broken, and therefore the post-irradiation length could not be measured. Swelling of the length and outer diameter are mostly consistent, and all of the CVD tubes generally show similar linear swelling (~0.4e0.5%). Composite tube GA-TGI-4 shows similar swelling to the CVD specimens, whereas composite tube GA-TGI-1 is significantly higher (~0.7%).
A KEYENCE VHX-1000 optical microscope was used to photograph the embossed foils and determine the profile of the foils before and after irradiation. The disassembly process damaged the foils in certain locations, so information could only be gathered in locations where the tools used in the hot cells did not damage the foil. 3D images were constructed by combining the single images with a different working distance. The step of the working distance was 3 and 10 mm for unirradiated and irradiated specimens, respectively. 2D profiles were obtained by taking an appropriate slice through the 3D image. Fig. 12 shows the 2D profile of a flat embossed foil pre-irradiation and a curved foil post-irradiation. The depth of the foil is approximately 238 ± 4 mm pre-irradiation, and 207 ± 17 mm post-irradiation. The difference in these values (~30 mm) represents the amount that the foil was compressed. This number corresponds well with the observed swelling of the tube specimens (18e30 mm).
Comparison of predicted vs. measured capsule temperatures
Passive SiC temperature monitors were placed inside the molybdenum heaters to give a comparison of the actual irradiation temperature vs. the temperatures predicted from the design calculations. By analyzing the instantaneous coefficient of thermal expansion (CTE) of the temperature monitor during postirradiation isochronal heating and cooling, the median, minimum, and maximum temperatures during irradiation can be determined [27] . Fig. 13 shows the temperatures predicted from the passive thermometers that were placed inside each of the six irradiated tube sub-assemblies compared with the temperatures predicted from the thermal calculations. The experimental values shown are the median temperatures determined from analysis of the postirradiation isochronal annealing data. In general, the predicted temperatures show good agreement with the experimental values. The experimentally determined temperatures inside the four CVD Fig. 11 . Picture of rabbit housing inner surface after hot cell disassembly (left) and post-irradiation pictures of a monolith tube (center) and composite tube (right). monolith tubes ranged from 472 to 540 C, while the two composite tube temperatures were 502 and 586 C. The calculated temperature (470 C) for CVD-T1 matches the experimental value to within 2 C. The calculated temperatures for the three remaining CVD tubes are lower than the experimental values by as much as 57 C. For the composite tubes, the calculated temperature (580 C) for GA-TGI-4 matches the experimental value to within 6 C; on the other hand, the predicted temperature (587 C) for GA-TGI-1 is 85 C higher than the experimental value. Given the high heat flux in this design, the temperature at the location of the passive thermometry is sensitive to many variables, including the cladding tube thermal conductivity, tube swelling, and thermal contact conductance between the tubes and the capsule housing. With these considerations, the discrepancies (85 C for the composite tubes and up to 57 C for the monolith tubes) between calculation and experiment are not surprising. Thermal conductivity of the irradiated composite tubes is particularly uncertain given that reported values range from 1.2 to 3.9 W/m-K when the irradiation temperature and dose were in the range of 300e500 C and 0.8e71 dpa, respectively [6] . A more likely explanation is that the relatively smooth section of specimen GA-TGI-1 (see Fig. 11 ) resulted in increased thermal contact conductance in that section of the specimen, which would result in reduced temperatures. Ongoing work for future publication includes experimental investigations of the irradiation temperature within the SiC tubes based on the dimensional recovery behavior during annealing.
Conclusions
This paper describes a vehicle for testing silicon carbide tube materials under conditions representative of a LWR (constant clad surface temperature of 300e350 C under a high heat flux of 0.6 MW/m 2 ) in order to validate thermo-mechanical models of stress states in these materials due to differential thermal expansion and irradiation swelling. The design can accommodate clad swelling up to~3% while keeping the clad surface temperature constant to within 12 C throughout the irradiation. An engineered aluminum foil was developed to absorb the expansion of the cladding due to irradiation swelling. This new approach to controlling temperature (as opposed to the traditional approach utilizing a small insulating gas gap) in uninstrumented rabbit irradiation capsules relies on surface roughness and the contact area of the embossed foil. It is less sensitive to concentricity misalignment due to the self-centering nature of the foil, and it does not require tight machining tolerances on the outer diameter of the cladding because the foil is designed to crush when the cladding is inserted. For the application described in this work, the high heat flux requires the tube specimen to have a relatively constant outer surface roughness in order to prevent variations in temperature due to non-uniform heat transfer from regions of varying surface roughness. This approach is particularly attractive for pressurized creep experiments or other applications where swelling, creep, or other phenomena can affect the dimensional stability of capsule components that would otherwise define an insulating gas gap. A finite-element model of the capsule performance was developed using ANSYS with custom libraries used for calculating thermal contact resistance. The thermal models were validated by out-of-pile testing.
Initial post-irradiation examination of the cladding tube specimens reveals that five of the six irradiated tubes survived the irradiation and hot cell disassembly. Inspection of the capsule housing's interior surface and the embossed foils suggests that the design performed as expected. The calculated temperatures of passive SiC temperature monitors placed inside the capsules generally showed good agreement with the temperatures measured post-irradiation via dilatometric analysis, with two calculated temperatures agreeing with experimental values to within less than 10 C. 
